VOLUME 22 NUMBER 9 SEPTEMBER 2015 nature structural & molecular biology a r t i c l e s O-linked β-N-acetylglucosamine (O-GlcNAc) is an abundant and essential post-translational modification of intracellular proteins in metazoans and plants 1, 2 . Hundreds of O-GlcNAc-modified nuclear and cytoplasmic proteins (O-GlcNAc proteins) have been identified. They fall into a variety of functional classes including transcription factors, ribosomal proteins, translational factors, signaling proteins, cytoskeletal proteins and components of the nuclear pore complex, as reviewed previously 3 . Like protein phosphorylation, O-GlcNAcylation is a rapidly reversible post-translational modification 4 . In recent years O-GlcNAc has been implicated in a multitude of cellular functions such as regulation of gene expression 5-7 , circadian rhythms 8,9 , vesicle trafficking and protein localization 10, 11 , and signaling 12-14 . Remarkably, unlike phosphorylation, which is orchestrated by over 600 serine/ threonine kinases and phosphatases in metazoans 15 , the O-GlcNAc modification is regulated by only two opposing enzymes. The enzyme catalyzing addition of O-GlcNAc onto proteins is OGT 16, 17 , and the enzyme responsible for catalyzing cleavage of O-GlcNAc from modified proteins is a glycoside hydrolase known as O-GlcNAcase (OGA) 18, 19 . OGT has, in addition to its catalytic domain, an N-terminal domain comprising 13.5 tetratricopeptide repeats (TPRs) arranged in a superhelical spiral abutting the active site [20] [21] [22] [23] (Fig. 1a) . This TPR domain is believed to mediate protein-protein interactions and is required for recognition of certain protein substrates 24, 25 . However, recent reports of crystal structures of human OGT (hOGT) in complex with substrate peptides have shown that the substrates bind the active site in an extended but ordered fashion, thus suggesting that the enzyme may recognize features proximal to the O-GlcNAc site 23, 26, 27 .
a r t i c l e s O-linked β-N-acetylglucosamine (O-GlcNAc) is an abundant and essential post-translational modification of intracellular proteins in metazoans and plants 1, 2 . Hundreds of O-GlcNAc-modified nuclear and cytoplasmic proteins (O-GlcNAc proteins) have been identified. They fall into a variety of functional classes including transcription factors, ribosomal proteins, translational factors, signaling proteins, cytoskeletal proteins and components of the nuclear pore complex, as reviewed previously 3 . Like protein phosphorylation, O-GlcNAcylation is a rapidly reversible post-translational modification 4 . In recent years O-GlcNAc has been implicated in a multitude of cellular functions such as regulation of gene expression [5] [6] [7] , circadian rhythms 8, 9 , vesicle trafficking and protein localization 10, 11 , and signaling [12] [13] [14] . Remarkably, unlike phosphorylation, which is orchestrated by over 600 serine/ threonine kinases and phosphatases in metazoans 15 , the O-GlcNAc modification is regulated by only two opposing enzymes. The enzyme catalyzing addition of O-GlcNAc onto proteins is OGT 16, 17 , and the enzyme responsible for catalyzing cleavage of O-GlcNAc from modified proteins is a glycoside hydrolase known as O-GlcNAcase (OGA) 18, 19 . OGT has, in addition to its catalytic domain, an N-terminal domain comprising 13.5 tetratricopeptide repeats (TPRs) arranged in a superhelical spiral abutting the active site [20] [21] [22] [23] (Fig. 1a) . This TPR domain is believed to mediate protein-protein interactions and is required for recognition of certain protein substrates 24, 25 . However, recent reports of crystal structures of human OGT (hOGT) in complex with substrate peptides have shown that the substrates bind the active site in an extended but ordered fashion, thus suggesting that the enzyme may recognize features proximal to the O-GlcNAc site 23, 26, 27 .
A number of proteomics studies have been conducted to identify OGT substrates [28] [29] [30] [31] [32] [33] . These studies exploit various new methods of enriching and labeling O-GlcNAc-modified peptides derived from proteins in cell lysates and tissues for site mapping through MS. Upon compiling of the identified O-GlcNAc sites, certain sequence motifs have been observed flanking the O-GlcNAc modification 32, [34] [35] [36] . It is not clear whether such motifs are restricted to the limited subset of proteins in the cell recognized by the OGT TPR repeats or whether they are imposed by restrictions on peptide binding in the OGT active site. Here, we aim to dissect the specificity of the hOGT active site by using a substrate library of synthetic peptides. This approach defines the preferred hOGT peptide sequon as [ 
TS][PT][VT]S/T[RLV][ASY]
(with the O-GlcNAc-modified amino acid in bold), and several hits from this screen are previously validated O-GlcNAc sites on proteins in vivo and in vitro. We report crystal structures of hOGT with four acceptor peptides, revealing conserved peptide conformations in the (−3 to +2) subsites, despite differences in amino acid sequence and a paucity of enzyme-substrate interactions of a sequence-specific nature.
RESULTS

O-GlcNAc transferase possesses acceptor-peptide specificity
To gain insight into possible sequence specificity, we measured hOGT activity against a library of 720 biotinylated 13-amino acid peptides derived from the human proteome 37 (Supplementary Table 1) . We developed a high throughput-compatible OGT scintillation proximity assay, using UDP-[ 3 H]GlcNAc, and included an α-crystallinderived peptide (NH 2 -AIPVSREEK-(biotin)-COOH, CRYA1) as a reference standard. We captured the reaction product, radiolabeled O-GlcNAcylated peptide, on streptavidin-coated FlashPlates, thus allowing for direct quantification on a scintillation counter without a need for removing excess substrate (averages of two independent screens of the peptide library in Fig. 1b) . The CRYA1 reference peptide is known to be a relatively poor OGT substrate 38 . Although all peptides contained at least one potential serine or threonine O-GlcNAc site (2.8 on average), only 70 out of 720 peptides produced a radiometric signal greater than that obtained for the CRYA1 reference peptide. This implied that OGT has a substantial level of substrate specificity dictated by the peptide-binding site alone. However, almost all of the 70 top hits contained more than one serine or threonine, thus preventing direct interrogation of sequence conservation around the O-GlcNAc-acceptor site in the absence of site-mapping data.
Peptide O-GlcNAcylation is limited to specific positions
To allow for MS mapping of the specific sites of O-GlcNAc modification on the best substrates from the peptide-library screen, we resynthesized these peptides without the biotin tag (because fragmentation products of biotin would otherwise impede the interpretation of MS data). We enzymatically O-GlcNAcylated these peptides in vitro and analyzed them by electron transfer dissociation (ETD) MS. ETD-MS/MS of the peptides generated fragmentation patterns covering the majority of c-and z-type ions, thus allowing precise mapping of the O-GlcNAc sites. For instance, the ETD-MS/MS spectrum of the in vitro O-GlcNAcylated synthetic peptide KENSPAVTPVSTA, the top hit from the screen matched a peptide from the protein retinoblastoma-like protein 2 (RBL2; Fig. 2 ), and showed a strong c 10 1+ peak corresponding to a serine plus 203 Da representing the sugar moiety. We specified an expectation value below 0.1 for each peptide fragmentation to ensure reliable designation of the O-GlcNAc sites (Supplementary Fig. 1 ; fragmentation spectra for all peptides in Supplementary Data Set 1).
OGT peptide substrates are predictive for O-GlcNAcylated proteins
For those peptides shown to be good OGT substrates, we proceeded to investigate whether the corresponding proteins have previously been reported to be O-GlcNAc modified. The transcription factor FOXO1 has been reported to be O-GlcNAcylated at Ser319 (ref. 39) , in agreement with our ETD-MS/MS data from the peptide alone (Fig. 2) . Similarly, a tryptic peptide from insulin receptor substrate-1, spanning residues 981-998, has been observed to bear an O-GlcNAc modification on either Ser984 or Ser985 (refs. 40,41) . Using ETD-MS/MS, we observed that both Ser984 and Ser985 were O-GlcNAc modified ( Fig. 2 and Supplementary Fig. 1 ). Interestingly, we also identified Ser400 as being O-GlcNAc modified on a peptide derived from Tau; the same amino acid was recently described as an O-GlcNAc site 42 . Five of the O-GlcNAc peptides (RBL2, α-crystallin B chain, GSK3β, lamin A and Hsp27) identified from our screen ( Fig. 2 and Supplementary  Fig. 1 , whose fate is believed to be proteolytic cleavage by OGT rather than glycosylation). These studies have provided the first insights into how hOGT substrates interact with the active site. It was noted that the peptides bind the active site of OGT in the same orientation and with similar, extended conformations. To explore possible links between peptide sequence and binding modes, we determined the crystal structures of four peptide hits from the screen in complex with hOGT and UDP-5S-GlcNAc. We obtained complexes with the peptides derived from retinoblastoma-like protein 2 (RBL2 411-422 , KENPAVTPVSTA), proto-oncogene tyrosine protein kinase receptor Ret (Ret 660-672 , AQAFPVSYSSSGA), keratin-7 (KER7 [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , SPVFTSRSAAFSC) and lamin B1 (LAMIN [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] , KLSPSPSSRVTVS) by soaking hOGT crystals and carried out refinement against synchrotron diffraction data (Fig. 3, Supplementary Fig. 2 and Table 1 ). Despite these peptides' containing multiple serines and threonines, in all cases the position of target serine or threonine in the enzyme active site was in agreement with the site-mapping results obtained through MS. As observed in the previously published hOGT-peptide complexes, the additional complexes reported here showed peptides binding the active site in the same orientation and in an extended conformation. A comparison of all six complexes highlighted several interesting common features (Fig. 3) . Strikingly, all structures revealed a conserved backbone conformation of the peptides in the −3 to +2 subsites (Fig. 3a) , with backbone torsion angles characteristic of the extended conformation observed in β-strands (−160° < phi < −50° and 100° < psi < 180°) (Fig. 3b) . Beyond this −3 to +2 region, the peptide conformations diverge (Fig. 3a) .
OGT is known to use an ordered bi-bi catalytic mechanism, in which the donor substrate binds the enzyme first and contributes to creating the binding site for the incoming acceptor peptide. UDPGlcNAc interacts primarily with the C-terminal lobe of the catalytic domain (C-cat), leaving part of the sugar nucleotide molecular surface exposed to the solvent (Fig. 3c) . This area is subsequently covered by the peptide substrate binding in subsites −3 to 0. The side chain in the −3 subsite occupies a shallow pocket flanked by hydrophobic amino acids from the C-cat domain and the uracil moiety of UDP-GlcNAc (Fig. 3d) . Notably, the six OGT-peptide complexes contain isosteric amino acids, either a valine or a threonine, in this position, which fill the shallow pocket and form van der Waals interactions with the uracil and surrounding enzyme side chains. Substantially larger side chains would be difficult to accommodate in this position without some change in the peptide backbone conformation. We investigated the importance of these interactions and size restrictions by determining the effect of single amino acid substitutions on OGT activity ( Fig. 4a and Supplementary Fig. 3 ). Both the change to a very small (alanine) or a bulky (phenylalanine) amino acid in −3 resulted in <30% residual activity, thus corroborating the structural insights. The −2 subsite was occupied by a proline in three out of the six structures. The conformational rigidity of proline appeared to be favorable in stabilizing the extended conformation of the peptide. Nevertheless, larger side chains, such as the phenylalanine and arginine, were also accommodated, but they projected away from the enzyme and toward the solvent (Fig. 3a) . Substrate peptides with very small side chains in the −2 subsite were disfavored by OGT; Alanine reduced the activity to 65%, but the effect was particularly pronounced for glycine (<20%), which offers the least conformational rigidity (Fig. 4a) . The −1 subsite appeared to tolerate large side chains, such as that of the tyrosine observed in Ret and TAB1, without undue distortion (the rotamer adopted by the tyrosine side chain is observed in 13% of tyrosines in high-resolution crystal structures of proteins), although OGT activity was higher on peptides with valine in the −1 position (100%) than those with tyrosine (42%) or alanine (21%) (Fig. 4a) .
The acceptor serine or threonine in the 0 subsite necessarily represented the position in the peptide with the least degree of positional and conformational flexibility. Both the backbone amide and the side a r t i c l e s chain hydroxyl participate in forming hydrogen bonds with the donor substrate (Fig. 3b) , as has been discussed in detail in recent works investigating the catalytic mechanism of OGT 26, 48, 49 . The complex with the lamin B1-derived peptide, to our knowledge, represents the first reported OGT-substrate complexes with a threonine acceptor. Interestingly, we observed a 50% reduction of OGT activity upon substitution of serine with threonine (Fig. 4a) . Whereas substrate binding in the −3 to −1 subsites relies primarily on van der Waals interactions, the amino acids in the 0 to +2 subsites participate in forming hydrogen bonds through the peptide backbone. The carbonyl in the +1 position interacts with the Leu634 backbone amide, and the backbone amide in the +3 subsite interacts with the backbone of Tyr632, in a hydrogen-bonding pattern reminiscent of an antiparallel β-sheet (Fig. 3b) . In the C-terminal part of the substrate peptides, in particular in subsites +1 and +3 to +5, the size and nature of side chains appear to be subject to fewer restrictions and to have greater flexibility (Fig. 3a) . OGT activity is virtually unaffected by an arginine-to-alanine substitution at the +1 position (Fig. 4a) . Subsite +2, however, favors small side chains and is occupied by alanine or serine in all six complexes; its substitution by phenylalanine reduces OGT activity to <25% (Fig. 4a) . Beyond the +3 subsite, most of the C termini of substrate peptides are disordered in the crystal structures ( Fig. 3a and Supplementary Fig. 2) .
Overall, the paucity of interactions involving side chains of the substrates is consistent with the broad substrate tolerance of OGT. Analysis of the structures and OGT activity primarily suggests a preference for small amino acids in certain positions, most notably the −3 and the +2 subsites. Where structural information is available beyond the +3 subsite, the C-terminal ends of the peptides appear to be in direct contact with the nearest TPR repeats (Fig. 3c) . Indeed, in the recently reported structure of OGT in complex with the 26-amino acid HCF-1 peptide, the (proteolysis) substrate extends markedly further into the TPR domain and is anchored by numerous sequencespecific interactions with the concave surface of the spiral formed by the TPRs 27 (Fig. 1a) . Whether such a recognition mode is generally used by OGT for glycosylation of substrates remains to be established. The TPR domain partly occludes access to the active site (Fig. 3c) in all currently reported crystal structures of O-GlcNAc transferases; this result is irreconcilable with the recognition and modification of amino acids in compact domains or secondary-structure elements of substrate proteins. Opening of the active site groove through a hingelike movement of the TPR repeats has been suggested on the basis of molecular dynamics calculations 23 , but the available structural evidence points to OGT's acting on unfolded regions of its substrates.
Sequence comparison reveals a degenerate hexapeptide sequon
Guided by the structures of six different peptide substrates sharing the same binding mode in the −3 to +2 subsites, we analyzed the best OGT substrates from the peptide library for sequence conservation in these positions. We extracted the corresponding hexapeptide sequences (Supplementary Fig. 4 ) and generated a sequence logo with the WebLogo server 50 (Fig. 4b) . In order to control for any compositional bias in the library, we also extracted all possible hexapeptide sequences with a serine or threonine in the fourth position from the library and subjected them to the same analysis (Fig. 4c) . Although the library is not a perfectly random sample (KullbackLeibler divergence from a random library = 8.6) there is substantial enrichment in the O-GlcNAc sequence logo (Fig. 4b) compared to the total hexapeptide sample ( Fig. 4c ; Kullback-Leibler divergence = 3.7). Despite the limited sample size for the O-GlcNAc peptides (32 peptides), a number of interesting features emerge from inspection of the logo (Fig. 4b) . Most striking is the preference for a proline residue npg a r t i c l e s in the −2 position, a result in agreement with similar observations arising from the comparison of O-GlcNAc sites determined on endogenous proteins 28, 34 . This preference is also explained by the structural data (Fig. 3) because proline would encourage the extended conformation observed in peptides bound in the OGT active site. Proline is the most sterically restricted of all the proteinogenic amino acids; the preferred backbone torsion angles of proline, and the residue preceding proline (preproline), coincide with the conformations observed for the amino acids in subsites −2 and −3, respectively (Fig. 3b) .
The stabilizing action of proline is particularly favorable in this position (−2 and −3), where no hydrogen-bonding interactions with the enzyme are possible. Conversely, in the +1 and +2 subsites, such backbone hydrogen bonds are in place (Fig. 3d) , thus placing fewer restrictions on the sequence of substrate peptides, in particular for position +1 (Fig. 4a,b) . Position +2 has previously been described as the smallest subsite 51 . This is consistent with our structural analyses and OGT activity (Fig. 4a) , and it is also reflected in the sequence logo by a bias toward the smaller amino acids in this location (Fig. 4b) . Indeed, the sequence logo suggests the degenerate
OGT-recognition sequence [TS][PT][VT]S/T[RLV][ASY]
, with a probability cutoff of 0.5 (Fig. 4) .
DISCUSSION
One of the central questions about O-GlcNAc as a signaling modification is how a single OGT enzyme recognizes and site-specifically modifies a plethora of substrates. OGT is a large enzyme, comprising over 1,000 amino acids, and the catalytic domain accounts for less than half of its molecular weight. The main additional domain, consisting of helical TPR repeats that assemble into a superspiral with two complete turns, has been proposed to play a part in substrate recruitment 20 . TPRs are frequently involved in mediating protein-protein interaction, and the proposed role of the OGT TPRs in substrate recognition is based on studies showing differential activity of TPR truncations toward different protein substrates in vitro 21, 52 . Given that O-GlcNAc modification is believed to occur post-translationally, and the acceptor substrates are frequently very large proteins, the OGT active site appears to be too small to accommodate such substrates in their entirety. OGT structures are available from several species in a range of crystal forms, all showing the TPR domain assuming the same conformation [21] [22] [23] . Moreover, this conformation is clearly catalytically competent because two reports of glycosylation in cristallo have been published 23, 26 . This leaves three possible scenarios relying on substantial flexibility on the part of either the enzyme or the substrates.
(i) A hinge-like motion of the TPR domain has been proposed 23 to expose the active site and give access to larger substrates. Molecular dynamics calculations were previously used to support such an event, whereas there are currently no experimental data supporting such dramatic conformational changes of the OGT enzyme.
(ii) OGT acts on flexible regions in proteins, such as N-and C-terminal tails and interdomain regions. Alternatively, binding to the enzyme induces a partial unfolding of the substrate that would allow the modification site to interact with the OGT active site in an extended conformation (Fig. 1a) . In such a recognition mode, selective interactions with the OGT active site would be of primary importance. (iii) Glycosylation by OGT may occur cotranslationally for a subset of proteins; such O-GlcNAc sites could be located in less accessible regions of the protein, and this could explain certain reported inaccessible O-GlcNAc sites such as those on histone H2B 53 and α-crystallin (Thr170) 54 . Such sites are not, however, likely to be dynamic. A recent study by Zhu et al. showed that cotranslational O-GlcNAcylation occurs on Sp1 and Nup62, and appears to act as a quality-control mechanism during translation 55 . Perhaps none of these scenarios alone offer a satisfactory explanation for all reported O-GlcNAc sites, and it is possible that different subsets of substrates are targeted by one or more of these recognition modes. Although an abundance of O-GlcNAc sites have been reported by proteomics studies [28] [29] [30] [31] [32] [33] [34] , very few of them have been thoroughly verified by mutagenesis and/or site-specific antibodies. Furthermore, OGT inhibitors were not used during the cell lysis step in these studies, and it is thus conceivable that OGT could modify nonphysiological substrates during lysis and post-processing. The occasional reports of O-GlcNAc proteins from other subcellular compartments lend weight to such concerns. Such non-natural sites would seriously compromise the value of the collective information and would dilute efforts to extract generalized insights into physiological O-GlcNAc sites on proteins from MS data alone. Controlled in vitro experiments with peptide libraries thus offer a useful alternative approach to exploring OGT substrate specificity. Previous studies have generally used custommade, small peptide panels. Haltiwanger et al. described the first peptide substrate for OGT, a synthetic peptide derived from three known sites 16 . They found that a proline was essential, although they could not site-map the modified sites and were thus unable to determine npg a r t i c l e s the proline position. Leavy and Bertozzi used a small library of peptides derived from α-crystallin, exploiting a new assay using detection via azido-ELISA 56 . They showed that the peptide can be improved in many places, suggesting an advantage of having a proline in +2 (but not in −2). Finally, Liu et al. generated a peptide-mutagenesis approach to explore motifs previously reported by MS studies, suggesting preference for certain amino acids close to the O-GlcNAc and noting that sites predominantly occur in random-coil regions 57 . Currently available O-GlcNAc site-prediction servers-YinOYang 58 , dbOGAP 59 and the more recently developed O-GlcNAcPRED 60 -are restricted to amino acid sequence and do not apply structural restraints around the modification sites.
The work described here uses a large and diverse set of peptides derived from the human proteome to explore the specificity of OGT toward peptides, independently of the role that the TPR domain may have in recognition of large protein substrates. Cocrystallization of identified acceptor peptides with OGT showed that the peptide is tethered into a common binding mode by a combination of van der Waals interactions and hydrogen bonds that restrict torsional freedom in the −3 to +2 subsites only. These structural constraints together with ETD-MS/MS data then allowed identification of a degenerate sequon that is remarkably similar to what has been found for O-GlcNAc sites on proteins 34 . This is a notable advance in understanding of how OGT selects its protein substrates because it suggests that constraints in the active site alone, independently of the TPRs, dictate OGT substrate preference to a considerable extent. Future experiments could use a similar approach to address the effect of phosphorylation on OGT substrate recognition, to address the proposed interplay between the two regulatory post-translational modifications.
METhODS
Methods and any associated references are available in the online version of the paper.
Accession codes. X-ray diffraction data and refined structures have been deposited in the Protein Data Bank under accession codes 4XI9 (hOGT-UDP-5SGlcNAc-Ret (660-672)), 4XIF (hOGT-UDP-5SGlcNAc-keratin-7 (7-19)), 5C1D (hOGT-UDP-5SGlcNAc-RB-like 2 (411-422)) and 5BNW (hOGT-UDP-5SGlcNAc-lamin B1 (179-191)). and four-fold NCS averaging was used to improve the maps for model building in COOT 67 . Ligand topology for UDP-5S-GlcNAc was created with PRODRG 68 , and donor and acceptor substrates were manually placed. Table 1 gives a summary of data collection and refinement statistics, and Supplementary Figure 2 shows the unbiased difference electron density before modeling of the ligands.
